ABSTRACT A large fraction (30-50%) of the various proteins synthesized within isolated rat liver mitochondria were degraded to amino acids within 60 min after synthesis. Incomplete mitochondrial polypeptides resulting from the incorporation of puromycin were degraded even more extensively (80% per hr). Protein breakdown was measured by the appearance of acid-soluble radioactivity and by the disappearance of labeled polypeptides detected on NaDodSO4/polyacrylamide gel electrophoresis. The amino acids generated by proteolysis were transported rapidly out of the mitochondria and no peptide intermediates accumulated in the organelle. This degradative process did not involve lysosomes or lysosomal enzymes and was markedly stimulated by ATP either generated within the mitochondria or supplied exogenously. An inhibitor of respiration (cyanide) or uncouplers of oxidative phosphorylation (oligomycin, dinitrophenol) reduced proteolysis when mitochondria were provided substrates for ATP generation. When exogenous ATP was provided, these agents did not affect proteolysis, but degradation was then sensitive to atractyloside, an inhibitor of adenine nucleotide transport. Vanadate, an inhibitor of various ATPases, blocked proteolysis even in the presence of ATP and caused a marked stabilization of nearly all polypeptide bands. Thus, mitochondria-like bacteria or the cytosol of animal cells-contain a pathway for complete degradation of proteins which seems to selectively remove polypeptides with abnormal structures. Within this organelle, ATP hydrolysis appears necessary for an initial step in this degradative process.
The proteins comprising the mitochondria, like other proteins in mammalian cells, are subject to continual turnover (1) . It has generally been assumed that mitochondria are degraded within the lysosome (2) (3) (4) (5) , and under certain conditions whole mitochondria or mitochondrial enzymes have been demonstrated within autophagic vacuoles (2) (3) (4) . However, different mitochondrial proteins turn over at distinct rates. Outer membrane proteins tend to be degraded at a faster rate than those of the inner membrane (6) . Furthermore, individual proteins within the same mitochondrial compartment can also have different turnover rates. In the matrix, several enzymes have tl/2 ranging from 70 min to 1-2 days, whereas the bulk of mitochondrial proteins turn over with a tl/2 of 3-5 days (6) (7) (8) . Such observations cannot be explained by indiscriminate degradation of this organelle within the lysosome.
One possible explanation for this heterogeneity in degradative rates is that proteins may be excreted by the mitochondria for degradation in the cytoplasm or lysosome. Another possibility is that there exists within mitochondria a proteolytic system that selectively hydrolyzes the short-lived enzymes. Several groups have reported proteases associated with the mitochondrial fraction of mammalian cells (9) (10) (11) (12) (13) (14) . However, an intramitochondrial localization has not been demonstrated definitively for any of these enzymes. The presence in the mitochondrial fraction of lysosomes and mast cell granules rich in proteases greatly complicates such studies (15) .
Mitochondria, however, do clearly have the capacity for limited proteolytic cleavage because many subunits of mitochondrial enzymes are synthesized in the cytoplasm as large precursors and then undergo maturational cleavages in the mitochondria (16) (17) (18) . In addition, several reports have noted instability of the polypeptides synthesized by isolated liver mitochondria (19, 20) or synthesized by yeast (21) or HeLa cell mitochondria (22) when cytoplasmic protein synthesis is inhibited.
One important role for intracellular protein degradation is the selective removal ofpolypeptides with highly abnormal conformations (1, 5) , as may result from mutations, biosynthetic errors, or postsynthetic damage (5) . In bacterial and mammalian cells such proteins are rapidly degraded by a nonlysosomal pathway (23) that requires metabolic energy (1), and cell-free extracts have been described that can selectively degrade abnormal proteins by an ATP-stimulated process (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Possibly, mitochondria have a similar degradative capacity. In fact, the breakdown ofpolypeptides in yeast or liver mitochondrial preparations appears to be stimulated by respiration or by supplying ATP (19) (20) (21) . Thus, the reported instability of proteins synthesized by the isolated mitochondria may result from their being structurally abnormal.
The present studies investigated whether mitochondria, like intact cells, contain an ATP-dependent pathway capable of selectively degrading abnormal polypeptides to amino acids.
MATERIALS AND METHODS
Rat liver mitochondria were isolated under sterile conditions as described (33) . To label mitochondrial proteins, isolated mitochondria at a final concentration of 2-3 mg of protein per ml were incubated with [3S]methionine or [3H]leucine at 30°C in sterile buffer 1(90 mM KCV50 mM Hepes/1 mM EDTA/5 mM KH2POJ10 mM MgCl2/0.36 mM cycloheximide) supplemented with 3mM ATP, 5mM phosphoenolpyruvate, pyruvate kinase at 10 ,ug/ml, a mixture ofall amino acids (100 ,uM) except methionine or leucine, [35S]methionine at 12.5 ,uCi/ml (600 Ci/ mmol; 1 Ci = 3.7 x 1010 becquerels; New England Nuclear), and [4,5-3H] leucine at 50 ,uCi/ml (58 Ci/mmol; Schwarz/ Mann) at pH 7.4 (34) . After incubation for 20 min with shaking, 15 mM unlabeled methionine or leucine was added to the mixture. The labeled mitochondria were incubated for an additional 5 min, centrifuged, and washed twice with ice-cold 0.25 M sucrose containing 20 mM Hepes (pH 7.4) and 1.0 mM EDTA.
To measure protein breakdown, the labeled mitochondria were resuspended in buffer I plus 15 mM methionine or leucine; they were then incubated at 30°C for 40-60 min. Reactions were terminated by the addition of 10% trichloroacetic acid and of unlabeled mitochondria (3-10 mg) as carrier. The labeled proteins were prepared for counting radioactivity as
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described (34) . Rates of protein degradation are expressed as the percentage ofradioactivity initially present in mitochondrial proteins that are released into acid-soluble form.
The sizes of the acid-soluble radioactive products were analyzed by Sephadex G-10 chromatography at room temperature in a 40 X 1.5 cm column. The eluant buffer was 100 mM KCl/ 50 mM mercaptoethanol/10 mM Tris-HCl, pH 7 .0.
To analyze the polypeptides synthesized in the mitochondria, the labeled mitochondria were centrifuged and dissolved in 0.2 ml of 10% NaDodSOJ4% mercaptoethanol/10% glycerol/10 mM Tris HCl, pH 7.0. Polyacrylamide gel electrophoresis was then performed (35) (36) , mitochondrial translation products were visualized on fluorographs (37, 38) that were scanned at 511 nm. The proportion of the area under each peak was assessed by cutting out and weighing two copies ofeach tracing. The percentage breakdown ofeach polypeptide was taken as the loss in 60 min in the area under each peak relative to that present initially. Proteins were estimated after removal of NaDodSO4 (39, 40) . (41) . When the radioactive precursor was removed and the mitochondria were resuspended in an excess of unlabeled amino acids, these organelles degraded some ofthe radioactive polypeptides to acidsoluble material. This process ceased almost completely after 10 min, and at most, 10-15% of the radioactivity initially in polypeptides was lost within 1 hr (Fig. 1A) . Because cord with previous reports (19) (20) (21) . Within 60 min, 40% of all radioactivity incorporated into polypeptides was recovered in acid-soluble form.
RESULTS
To test whether all the polypeptides synthesized by the isolated mitochondria were equally susceptible to proteolysis or whether degradation was restricted to specific proteins, the mitochondrial translation products were separated by gel electrophoresis in the presence of NaDodSO4 and the fate of individual polypeptide bands was determined. Five radioactive bands (arbitrarily labeled I-V) were observed by fluorography. Their Mr were 10,000-20,000, 20,000, 25,000, 32,000, and 38,000-40,000 ( Fig. 2A) in accord with published data for proteins synthesized in mammalian mitochondria (43) (44) (45) (46) (47) . No single polypeptide was specifically degraded; instead, all five radioactive bands disappeared to a similar extent when the labeled mitochondria were incubated in the presence ofATP ( Fig. 2A) .
The instability of these polypeptides may be related to the fact that they have abnormal conformations when synthesized by the mitochondria in the absence of cytoplasmically derived protein subunits (22) or cofactors (see below). To test if mitochondria can selectively degrade proteins with aberrant conformations, we studied the fate ofproteins made in the presence of a low concentration of puromycin. This antibiotic is incorporated into growing polypeptides and causes their premature termination and release from the ribosome. The polypeptides synthesized in the presence of puromycin were degraded to acid-soluble products at a faster rate and to a much greater extent than the normal polypeptides (Fig. 1B) . ATP also stimulated markedly the rapid degradation ofthese polypeptides. Up to 80% ofthe material synthesized in the presence ofpuromycin was hydrolyzed to acid-soluble form within 60 min when ATP was present. As expected for puromycin-containing polypeptides, these short-lived chains had a much smaller average mo- by NaDodSO/polyacrylamide gel electrophoresis and identified by fluorography immediately after labeling (0min -) or after removal of the [35S]methionine and further incubation with ATP for 60 min (----) (see Fig. 1 ). Polypeptide bands were arbitrarily labeled I-V for easy reference in Table 3 .
Proc. Natl. Acad. Sci. USA 79 (1982) lecular weight (10,000-20,000) than those synthesized normally by the isolated mitochondria (Fig. 2B) . These findings indicate that the isolated mitochondria selectively remove incomplete polypeptides by a process similar to that observed with whole cells (1, 5, 23 essential role for high energy phosphate bonds (42) .
Cleavage of ATP also seems essential for intramitochondrial proteolysis because vanadate, a potent inhibitor of various ATPases (52) and ofthe ATP-dependent protease ofE. coli (26) , blocked the production of acid-soluble material even in the presence of ATP (Table 2) . Half-maximal inhibition of proteolysis was obtained with a concentration of vanadate as low as 150 ,M (data not shown). When mitochondria were incubated in the presence ofvanadate, nearly all normal polypeptides and those synthesized in the presence ofpuromycin were markedly stabilized (Table 3) . No polypeptides of smaller size accumulated. Thus, vanadate probably inhibits an early event in polypeptide degradation, after which subsequent proteolytic steps are rapid. The one exception was a normal polypeptide of Mr 25,000 that decreased even after addition ofvanadate (Table 3 , band III). One possible explanation could be that this polypeptide, which resembles in size the subunit 6 of the Fl-ATPase 
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Molecular weight of products of degradation of mitochondrial proteins. The sizes of acid-soluble products generated from the degradation of mitochondrial proteins labeled with [35S]methionine were analyzed by Sephadex G-10 column chromatography after precipitation of the mitochondrial suspension with trichloroacetic acid (total) (A) or after removal of the mitochondria by centrifugation (released by mitochondria) (B). Labeled mitochondria were incubated for 60 min with ATP and an ATP-regenerating system (see Fig. 1 ) in the absence (.-.) or presence (o-o) of 1 mM vanadate (Vn) to inhibit protein breakdown. The acid-soluble material present initially is shown by *---*. Similar results were obtained when [3Hlleucine was used to label mitochondrial proteins or when leupeptin and chymostatin (5 pg/ml) were added to inhibit proteases contaminating the mitochondria (Table 1) . (53) , may bind vanadate and become more susceptible to hydrolysis.
End Products of Mitochondrial Proteolysis. To determine whether mitochondria have the capacity for complete digestion of proteins, the acid-soluble products of proteolysis were analyzed by Sephadex G-10 chromatography (Fig. 3) . Immediately after the pulse exposure to radioactive amino acids, only a very small amount of acid-soluble radioactivity was present with a Mr <600. When proteolysis occurred in the presence of ATP, all the acid-soluble radioactivity generated appeared as a single peak of Mr 4120-150 which corresponds to free amino acids (either [3H]leucine or [3S]methionine) (Fig. 3A) . Thus, rat liver mitochondria have the capacity to degrade polypeptides rapidly to individual amino acids.
When the mitochondria were removed by centrifugation and only the supernatant assayed for acid-soluble radioactivity, identical results were obtained as when the total mitochondrial suspension was precipitated with trichloroacetic acid (Fig. 3B) . Thus, the amino acids generated by proteolysis are rapidly transported out of the mitochondria in the presence of excess extramitochondrial amino acids. When these mitochondria were incubated in the presence of ATP and vanadate, production of acid-soluble radioactivity was inhibited, and the amount of radioactivity recovered as free amino acids was decreased in parallel (Fig. 3) . However, no acid-soluble radioactive material larger than amino acids accumulated. Thus, the ATP-dependent reaction is probably a very early step in the degradative pathway.
DISCUSSION The present studies demonstrate that liver mitochondria contain an ATP-dependent proteolytic system capable ofdegrading polypeptides completely to amino acids. Several findings indicate that this proteolytic pathway is located within the organelle. (i) Inhibition of lysosomal proteolysis and of the proteases that contaminate the mitochondrial preparations did not affect this degradative process. (ii) An inhibitor of adenine nucleotide transport into the mitochondria reduced proteolysis when ATP was supplied exogenously. (iii) Proteolysis occurred when ATP was generated within the organelle. Thus, polypeptides synthesized on mitochondrial ribosomes, the ATP, and the proteolytic enzymes are most likely located within the same space-that enclosed by the inner mitochondrial membrane. The only alternative to degradation of such short-lived proteins within mitochondria would be their secretion across two membranes for degradation outside the organelle. This possibility appears highly unlikely. It would require complex mechanisms (e.g., special signal sequences) for the selective secretion of these polypeptides. By analogy, a similar system may also exist for protein degradation within other membrane-enclosed organelles such as the chloroplast.
Like intact cells, mitochondria seem to have a capacity to selectively hydrolyze proteins with highly abnormal conformations. The incorporation of puromycin into mitochondrial polypeptides caused their premature termination (Fig. 2 ) and these molecules were degraded faster and to a greater extent than the completed polypeptides (Fig. 1) . It was recently observed that inhibition of the processing by mitochondria of the cytoplasmically synthesized enzyme, carbamoyl-phosphate synthase, leads to the rapid degradation of the unprocessed polypeptides (18) . Thus, cytoplasmically encoded proteins with aberrant structures are also rapidly eliminated by mitochondria.
The complete hydrolysis in 1 hr of >40% of the newly synthesized mitochondrial proteins (Fig. 1) appears highly wasteful and suggests that the proteins made by the isolated organelle are in some-way structurally abnormal. Possibly, isolated mitochondria may produce proteins containing a high frequency of biosynthetic errors. However, previous work on intact cells (22) indicated that the polypeptides produced in mitochondria are normally stable but are labile when cytoplasmic protein synthesis does not occur simultaneously. Similarly, proteins made by isolated mitochondria may be recognized as substrates for degradation as a consequence of the lack of proteins or other factors made in the cytoplasm. Most proteins synthesized by the mitochondria associate with subunits synthesized in the cytoplasm to form membrane-bound multimeric enzymes (54) . Improper folding or assembly of the polypeptides made by the isolated mitochondria may result from the absence of these cytoplasmically synthesized subunits or from the lack of other cofactors [e.g., heme (55) or oxygen (56)].. Whatever the mechanism, the selective breakdown. of the free subunits may represent a simple regulatory mechanism to insure balanced accumulation of the products of the nuclear and mitochondrial genome.
In intact cells, the substrates for the mitochondrial proteolytic pathway may originate in various ways. Proteins with abnormal conformations can arise in cells through mutations, biosynthetic errors (1), and also from postsynthetic damage such as that caused by oxidizing agents (57) . In fact, certain mitochondrial enzymes generate large amounts of reactive oxygen radicals (58) . Other possible roles for the organelle's proteolytic system may be the maturational cleavages of precursors to mitochondrial proteins (16) (17) (18) or in the complete hydrolysis of unprocessed polypeptides (18) or of signal peptides. This pathway may also be involved in the degradation of short-lived regulatory enzymes. In the mitochondrial matrix a number of enzymes have t412 between 70 min and 1 day, whereas the bulk of mitochondrial proteins turnover with a t112 of3-5 days (6-8).
Proc. Natt Acad. Sci. USA 79, (1982) Our findings and prior observations (19) (20) (21) indicate that intramitochondrial proteolysis has a similar requirement for ATP as does overall proteolysis in bacterial and mammalian cells (1) . The stabilization of mitochondrial translation products by the ATPase inhibitor, vanadate, indicates that a proteolytic event, probably involving ATP cleavage, occurs very early in this process. The stimulation by ATP also suggests that the nucleotiderequiring step is rate-limiting. In E. coli, high energy phosphates are similarly required for an initial cleavage of the abnormal proteins (59) . Accordingly, in reticulocytes (27, 28) and E. coli (24, 26, 29) , ATP-stimulated endoproteases have been found that seem to catalyze the initial cleavages of the substrates.
E. coli contains an ATP-dependent endoprotease that cleaves both protein and ATP (26, 29) and vanadate inhibits both processes. Recently, we have isolated and characterized a similar vanadate-sensitive ATP-dependent protease from rat liver mitochondria (60) . This protease, which interacts directly with ATP, appears to catalyze the initial steps in the mitochondrial degradative pathway. Because the mitochondria degrade polypeptides to amino acids (Fig. 3) , these organelles must contain-in addition to the ATP-dependent protease-a number of other proteases and peptidases to complete the degradative process.
